On-shot diagnostic of electron beam-laser pulse interaction based on
  stochastic quantum radiation reaction by Tamburini, Matteo
On-shot diagnostic of electron beam-laser pulse interaction based on
stochastic quantum radiation reaction
Matteo Tamburini1, ∗
1Max-Planck-Institut fu¨r Kernphysik, Saupfercheckweg 1, D-69117 Heidelberg, Germany
(Dated: July 7, 2020)
Ultrarelativistic electron beam-laser pulse scattering experiments are the workhorse for the inves-
tigation of QED and of possible signatures of new physics in the still largely unexplored strong-field
regime. However, shot-to-shot fluctuations both of the electron beam and of the laser pulse param-
eters render it difficult to discern the dynamics of the interaction. Consequently, the possibility of
benchmarking theoretical predictions against experimental results, which is essential for validating
theoretical models, is severely limited. Here we show that the stochastic nature of quantum emission
events provides a unique route to the on-shot diagnostic of the electron beam-laser pulse interaction,
therefore paving the way for accurate measurements of strong-field QED effects.
Stimulated by the advances in the development of high-
intensity lasers [1–4] and the prospect of 10-PW class
laser facilities [5, 6] there is steadily growing interest both
in the theoretical and in the experimental investigation
of QED and of new possible exotic processes in the pres-
ence of strong background electromagnetic fields [7–11].
Strong-field QED (SFQED) processes are primarily char-
acterized by the quantum parameter χ = F ∗/Fcr, where
F ∗ denotes the electric field in the rest frame of a particle
and Fcr = m
2
ec
3/|e|~ ≈ 1.3 × 1018 V/m is the QED crit-
ical (Schwinger) field. Thus, due to the Lorentz boost
of the electric field F ∗ experienced by the beam parti-
cles, the study of SFQED effects is greatly facilitated by
considering ultrarelativistic electron beams colliding with
intense laser pulses. A prominent example of this class
of experiments is the investigation of the influence of the
energy losses associated to the emission of radiation on
the dynamics of the emitting particle, i.e., the so-called
radiation reaction (RR) effects [12–34].
Despite the great interest and the number of potential
applications of the ultrarelativistic particle beam-laser
pulse colliding scheme, only recently this kind of exper-
iments have provided, for example, the first evidence of
RR signatures in the collision of an ultrarelativistic elec-
tron beam with an intense laser pulse [29, 30]. However,
these experiments were strongly limited by the uncer-
tainty of the laser pulse and electron beam parameters at
collision, which is also determined by shot-to-shot fluctu-
ations. Indeed, these uncertainties did not allow to con-
clusively discriminate among different radiation emission
models [29, 30]. In particular, the stochastic nature of
RR, which in the quantum regime is the result of mul-
tiple incoherent photon emissions [35], still needs to be
experimentally demonstrated [29–31, 33, 34]. Given that
even the modeling of the basic SFQED process of sin-
gle photon emission by an electron in the presence of
arbitrary background fields is still under active theoret-
ical investigation [36–39], an experimental validation of
SFQED models at least in the relatively simple case of a
laser pulse becomes imperative.
Here we demonstrate that, in the collision of an ul-
trarelativistic electron beam with a counterpropagating
laser pulse, the stochastic nature of quantum emissions
leads to an asymmetry in the electron momentum dis-
tribution transverse to electron beam propagation direc-
tion. After some centimeters propagation, this induced
asymmetry in the momentum distribution is reflected in
the electron beam transverse spatial distribution, which
can be measured relatively easily by placing a detec-
tor plate orthogonal to the beam propagation direction.
More importantly, we show that the induced asymmetry
is strongly sensitive to the electromagnetic field experi-
enced by the beam particles, therefore providing accurate
on-shot information of the electron beam-laser pulse in-
teraction, which is critical for benchmarking theoretical
models. Indeed, for example, we show that even 1 µm
electron beam-laser offset has a clear impact on the final
transverse electron distribution.
In the following we consider the experimentally rele-
vant regime where γ  ξ throughout the electron beam-
laser pulse interaction. Here ξ = |e|E0/meωc is the nor-
malized laser pulse amplitude with E0 being the peak
laser field and ω its central angular frequency, while γ is
the relativistic factor of the beam electrons. As it will be
clear, in contrast to the electron beam energy spread [17]
or transverse electron beam spreading[20], the RR in-
duced transverse asymmetry has clearly measurable ef-
fects even when the quality of the initial electron beam
energy spectrum is low, as typically occurs in all-optical
experiments [29, 30]. In fact, in this case the large ini-
tial electron beam energy spread does not significantly
change during the interaction, and the transverse spread-
ing is modest when γ remains much larger than ξ.
We start considering an electron propagating along the
positive z axis and colliding head-on with a plane-wave
pulse linearly polarized along the x axis with electric field
Ex(ϕ) = ξf(ϕ) sin(ϕ+ δ) normalized to meωc/|e|, where
f(ϕ) ≤ 1 is a smooth temporal envelope, ϕ the pulse
phase, δ a constant phase, and
∫∞
−∞Ex(ϕ) dϕ = 0. No-
tably, an analytic solution for this problem exists in the
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2classical regime, where RR effects are described by the
Landau-Lifshitz equation [13]. The final electron mo-
mentum after the interaction with a quasimonochromatic
plane-wave pulse is [19]
pf ≈ pi
1 + rRρi
∫∞
−∞E
2
x(ϕ) dϕ
, (1)
where ρi = γi(1 + pzi/γimec) is the initial electron
Doppler factor, rR = 4pie
2/3mec
2λ ≈ 1.18 × 10−8/λµm,
λ = 2pic/ω is the pulse wavelength, and where the sub-
scripts i and f denote the initial and final value of the
corresponding quantity, respectively. Thus, in the clas-
sical realm not only the momentum space contracts as
predicted for any arbitrary field configuration [40], but
from Eq. (1) in the interaction with a plane-wave pulse
the final momentum contraction is nearly isotropic. Con-
sequently, an electron beam with initial cylindrical sym-
metry around its propagation axis, such as those typi-
cally used in all-optical electron beam-laser pulse exper-
iments [29, 30], preserves its symmetry after interaction.
Note that the initial cylindrical symmetry of the electron
beam is broken during the electron beam-pulse interac-
tion, even with negligible RR effects. This results into
radiation being emitted with a characteristic asymmet-
ric pattern in the plane perpendicular to the electron
beam propagation direction, which can be used to infer
the peak laser pulse intensity [41, 42].
Since Eq. (1) holds in the classical regime where χ 1,
the question of quantum effects naturally comes up.
Quantum corrections to the classical results arise both
because classically no upper bound in the frequency of
the emitted radiation exists, which results into an over-
estimate of energy losses, and because in QED emission
is a stochastic process rather than a continuous energy
loss. The overestimate of energy losses can be corrected
phenomenologically by multiplying the classical radiation
reaction force by a weighting function g(χ) = IQ/IC ,
where [43, 44]
IQ =
e2m2e
3
√
3pi~2
∫ ∞
0
u(4u2 + 5u+ 4)
(1 + u)4
K2/3
(
2u
3χ
)
du (2)
is the quantum radiation intensity, with Kn being the
modified Bessel function of the second kind, and IC =
2e2m2eχ
2/3~2 is the classical radiation intensity. This
correction leaves the electron beam-pulse dynamics qual-
itatively unaffected and only quantitatively corrects the
prediction of Eq. (1). In fact, one can show that in this
quantum-corrected continuous RR model the final elec-
tron momentum is obtained by replacing E2x(ϕ) in the in-
tegrand at the denominator of Eq. (1) with g[χ(ϕ)]E2x(ϕ).
On the contrary, stochastic instead of continuous emis-
sion of radiation results into qualitatively new features.
In particular, it leads to the competition between a
phase-space contraction tendency, which dominates in
the classical regime, and an opposite tendency to dif-
fusion peculiar to the quantum regime [17, 26].
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FIG. 1. Electron beam momentum distribution. The initial
electron beam distribution (red dashed line), the quantum-
corrected continuous RR model (black dotted line), the
stochastic RR model (solid blue line). The electron beam
propagates along z and collides head-on with a 45 fs FWHM
plane-wave pulse with ξ = 15 linearly polarized along x.
We now consider the electron dynamics in the case of
stochastic photon emissions. We start analyzing the py
component of the momentum, i.e., the transverse com-
ponent of the electron momentum perpendicular to the
laser pulse polarization axis x. Since in the interaction
with a plane-wave pulse the Lorentz force along y is zero,
py changes only because of photon emissions. Thus, by
considering the regime γ  ξ  1 and by using the
collinear emission approximation, after N photon emis-
3sions the electron momentum along y is
py,f = py,i
N∏
j=1
(
1− εγ,j
εe,j−1
)
, (3)
where εe,0 is the initial electron energy, while εe,j and
εγ,j are the electron energy after j emissions and the
emitted photon energy at the jth-emission, respectively.
From Eq. (3), py,f systematically decreases at each emis-
sion because εγ,j < εe,j−1. This implies a stochastic RR
induced momentum decrease similar to the classical and
semiclassical RR cases. In practice, py,f diminishes un-
til approximately ∼ mec/γ, which is the lower bound
determined by the fact that each photon emission actu-
ally occurs within a cone with ∼ 1/γ aperture along the
instantaneous electron propagation direction [44]. A sim-
ilar analysis can be carried out for the momentum along
the plane-wave pulse polarization axis x, which gives
px,f =px,i
N∏
j=1
(
1− εγ,j
εe,j−1
)
−mec
[
N∑
k=1
∫ ϕk
ϕk−1
dφEx(φ)
N∏
j=k
(
1− εγ,j
εe,j−1
)
+
∫ ∞
ϕN
dφEx(φ)
]
, (4)
where ϕ0 = −∞ is the initial electron phase, and ϕk
is the electron phase at which the kth-photon emission
occurs. Both in Eq. (3) and in Eq. (4) the effect of the
photon recoil is to reduce the electron momentum at the
emission, but for px the laser pulse performs a work be-
tween successive emission events. Thus, px can increase
up to mecξ, which is possible, for example, for a single
photon emission occurring in the central region of the
pulse and taking away almost all the electron energy [see
Eq. (4)]. However, for a quasimonochromatic pulse the
net transverse momentum gain typically remains modest
and much smaller than mecξ (see below).
Figure 1 shows the initial (red dashed line) and final
electron beam momentum distribution as predicted by
the quantum-corrected continuous RR model (black dot-
ted line) and by the stochastic quantum RR model (solid
blue line) in the head-on collision with a 45 fs duration
full width at half maximum (FWHM) of the intensity
Gaussian plane-wave pulse propagating along z with ξ =
15 amplitude, λ = 0.8 µm wavelength, and linearly polar-
ized along x. Initially, the electron beam has cylindrical
symmetry around its propagation axis, and its energy
distribution is Gaussian with 1 GeV mean energy and
400 MeV energy spread FWHM. The initial beam spa-
tial distribution is Gaussian with 12 µm length FWHM,
2.8 µm transverse size FWHM, and 1.4 mrad FWHM
angular aperture, while the beam charge is 1.6 pC. Fig-
ure 1(a) shows that the quantum-corrected continuous
θ = arctan(px/py)
N
−1 e
d
N
e
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FIG. 2. Electron beam azimuthal angle θ distribution. The
initial (black dotted line) and the final distribution with
stochastic RR in the head-on collision with a 45 fs FWHM
plane-wave pulse linearly polarized along x with ξ = 15 (blue
line), ξ = 18 (green line), and ξ = 21 (magenta line).
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FIG. 3. Electron beam transverse spatial distribution after
the collision with a 45 fs plane-wave pulse linearly polarized
along the x axis followed by 10 cm ballistic propagation. (a)
no interaction, (b) ξ = 15, (c) ξ = 18, (d) ξ = 21.
RR model and the stochastic RR model predict nearly
the same final mean longitudinal momentum. However,
the stochastic RR model predicts a longitudinal mo-
mentum spread comparable to that of the initial beam,
whereas the momentum spread is significantly reduced
in the continuous RR model [see Fig. 1(a)]. The same
conclusion applies to the electron momentum distribu-
tion along the pulse polarization axis x, which presents a
modest width increase in the stochastic RR model and a
significant width reduction in the continuous RR model
[see Fig. 1(b)]. In sharp contrast, almost the same final
distribution is obtained in the quantum-corrected and
continuous RR models for the transverse momentum or-
thogonal to the pulse polarization axis [see Fig. 1(c)].
Thus, a peculiar manifestation of stochastic RR is the
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FIG. 4. Electron beam transverse spatial distribution after the collision with a 45 fs focused Gaussian laser pulse with w0 = 4 µm
waist radius linearly polarized along x followed by 10 cm ballistic propagation. (a) ξ = 15, (b) ξ = 18, (c) ξ = 21.
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FIG. 5. Electron beam transverse spatial distribution after
the collision with a 45 fs focused laser pulse with w0 = 4 µm
and ξ = 15 linearly polarized along x followed by 10 cm bal-
listic propagation. Left column, 1 µm (a), 2 µm (c), 3 µm
(e), 4 µm (g) misalignment along x. Right column, 1 µm (b),
2 µm (d), 3 µm (f), 4 µm (h) misalignment along y.
induced electron beam asymmetry in the plane perpen-
dicular to the pulse propagation direction, which is ab-
sent in continuous emission models.
Figure 2 reports the final electron beam azimuthal an-
gle θ = arctan(px/py) distribution for the electron beam
collision with a plane wave pulse with the same param-
eters as reported above but for field amplitude ξ = 15
(blue line), ξ = 18 (green line), and ξ = 21 (magenta
line). The strong dependence of the azimuthal angle dis-
tribution on the normalized field amplitude ξ is evident in
Fig. 2. Moreover, this induced transverse angular asym-
metry is later reflected in the spatial electron beam distri-
bution. In fact, for sufficiently long propagation distance,
the transverse size of the electron beam is linearly pro-
portional to the transverse momentum as the initial size
of the beam becomes negligible. Thus, one can introduce
an asymmetry parameter A = (σx − σy)/(σx + σy) di-
rectly proportional to the momentum asymmetry, where
σx ≈ px,fdz/γfmec and σy ≈ py,fdz/γfmec are the beam
width along x and y, respectively, with dz being the bal-
listic propagation distance.
Figure 3 displays the transverse spatial electron beam
distribution for the case where no colliding pulse is
present [Fig. 3(a)] and for the three cases of Figure 2
after 10 cm ballistic propagation. By increasing ξ, the
electron beam width increases along the polarization axis
x and simultaneously reduces along y (see Fig. 3). Note
that σy significantly decreases with increasing ξ due to
the cumulative effect of photon emissions on py, whereas
σx is weakly affected. Similar results are obtained in the
electron beam collision with a focused laser pulse. Fig-
ure 4 reports the simulation results obtained with the
same parameters as in Fig. 3 but for a focused Gaussian
laser pulse with w0 = 4 µm waist radius. The reduction
of the transverse compression along y observed in Fig. 4
as compared to the corresponding plane-wave pulse case
reported in Fig. 3 originates from the strong sensitivity
of the stochastic RR induced transverse asymmetry effect
on the field strength experienced by beam electrons. In
fact, when the electron beam transverse size at collision
is comparable or larger than the laser pulse waist radius,
electrons in the periphery experience smaller fields than
in the central region.
Finally, we consider the possible presence of a small
misalignment between the electron beam and the focused
5laser pulse propagation direction. Figure 5 shows the re-
sults obtained with the same parameters as in Fig. 4(a)
but with a transverse misalignment ranging from 1 to 4
µm either along the laser pulse polarization axis x (left
column of Fig. 5) or along its orthogonal direction y (right
column of Fig. 5). The presence of even a small mis-
alignment determines a pronounced left-right asymme-
try if the misalignment is along x (see the left column
of Fig. 5) and a characteristic up-down asymmetry if the
misalignment is along y (see the right column of Fig. 5).
Thus, the transverse electron beam spatial distribution
after collision provides information both on the strength
of the laser pulse field experienced by beam electrons and
on the laser pulse-electron beam overlap at interaction.
We stress that, for the considered case of ultrarelativistic
electron beam collision with γ  ξ throughout the inter-
action, the transverse electron beam spatial deformation
both in the collinear case (see Fig. 4) and in the presence
of a misalignment (see Fig. 5) is determined by stochastic
RR effects. Indeed, no significant transverse deformation
is observed in simulations with the same parameters but
with continuous RR models.
We thank Antonino Di Piazza, Karen Z. Hatsagortsyan
and Christoph H. Keitel for useful discussions. As this
manuscript was being prepared, Ref. [34] appeared on
the arXiv, with some overlap in noticing the transverse
angular asymmetry induced by stochastic RR. No overlap
exists in the electron beam-laser pulse diagnostic, which
is the central point of the present work.
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